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T cells reorganize their actin and tubulin-based cytoskeletons to provide a physical basis
to the immune synapse. However, growing evidence shows that their roles on T cell
activation are more dynamic than merely serving as tracks or scaffold for different mol-
ecules. The crosstalk between both skeletons may be important for the formation and
movement of the lamella at the immunological synapse by increasing the adhesion of
theT cell to the antigen-presenting cells (APC), thus favoring the transport of components
toward the plasma membrane and in turn regulating theT-APC intercellular communication.
Microtubules and F-actin appear to be essential for the transport of the different signaling
microclusters along the membrane, therefore facilitating the propagation of the signal.
Finally, they can also be important for regulating the endocytosis, recycling, and degrada-
tion of the T cell receptor signaling machinery, thus helping both to sustain the activated
state and to switch it off.
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INTRODUCTION
The process of T cell activation by antigen-presenting cells (APC)
that display a peptide or superantigen on their surface has been
analyzed through the study of a speciﬁc structure named immuno-
logical synapse (IS) that serves the purpose of allowing cell–cell
communication. The IS is a polarized, highly organized molecular
structure that has been deﬁned by the dynamic exclusion or accu-
mulation of different molecules during its maturation (Sancho
et al., 2002). In the classical T–B IS, a mature synapse is formed
by the concentration of T cell receptor (TCR) complexes at the
center of the structure (cSMAC), surrounded by a ring of adhe-
sion molecules (pSMAC, see Figure 1; Vicente-Manzanares and
Sanchez-Madrid, 2004). More recently, the visualization of the
TCR complex dynamics at the cell surface during T cell spread-
ing over activating surfaces has allowed the identiﬁcation of TCR
microclusters that may account for initial signaling. The analysis
of TCR activation was revitalized by the use of artiﬁcial planar
lipid bilayers containing GPI-linked peptide-MHC (pMHC) mol-
ecules and adhesion molecules, such as ICAM-1 (Dustin, 2010),
or activating surfaces bearing anti-CD3 and anti-CD28 antibod-
ies (Lasserre et al., 2010), combined with new imaging technol-
ogy, such as the total internal reﬂection ﬂuorescence microscopy
(TIRFM). Actin and tubulin cytoskeletons have been largely ana-
lyzed to study how they structure beneath the IS. Whether the
molecules involved in IS formation diffuse in a random manner
or there are spatiotemporal restrictions is a question that has been
studied by different means. This article aims to review some of the
most recent results in the ﬁeld.
DYNAMICS OF TCR AND SIGNALING NANO AND
MICROCLUSTERS AT THE IS
T cells can be activated by peptides presented in the context of spe-
ciﬁc major histocompatibility complex molecules (MHC), class
I or II, which are recognized by the TCR and the speciﬁc co-
receptor for MHC, CD8, or CD4, respectively (van der Merwe
and Dushek, 2011). They could also be activated by bacterial and
viral superantigens, which do not bind to the peptide-speciﬁc,
hydrophobic pocket of the MHC, but show speciﬁcity for certain
variable regions in the TCRβ subunit (Scherer et al., 1993).
The TCR is able to recognize the pMHC on APCs with high
sensitivity. It is clear now that the same TCR may recognize dif-
ferent peptides with different afﬁnities, and this is important for
the process of thymic selection and for the speciﬁc response of
T cells to self and foreign antigens (van der Merwe and Dushek,
2011). Recently, the dwell time for TCR/MHC interaction, has
been shown to correlate with discrimination between low and
high afﬁnity ligands by T cells (Palmer and Naeher, 2009). These
measurements have been classically performed by surface plasmon
resonance with an immobilized protein on a chip and the other in
solution. More recently, the proximity of the TCR to pMHC has
been measured in situ with a FRET assay. The restriction in mobil-
ity imposed by the membrane affects the kinetic parameters of the
interaction, resulting in faster dissociation (Huppa et al., 2010).
However, the overall afﬁnity is increased as a result of a 100-fold
enhancement in the association rate, which may derive from the
existence of pre-clustered TCRs (see Figure 1). These TCR nan-
oclusters would facilitate a quick rebinding of a pMHC to a second
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FIGURE 1 | Cytoskeletal dynamics at the Immunological synapse.
TCR microclusters are formed upon activation by pMHC complexes,
probably by fusion or apposition of pre-existing nanoclusters.
Microclusters diffuse toward the center of the IS to form the cSMAC,
where they are endocytosed and recycled. TCR activation promotes the
reorganization of the cytoskeleton. Tubulin dynamics are favored by
deacetylation of α-tubulin by HDAC6 and the MTOC re-orientates toward
the APC through dynein/dynactin activity. The Golgi apparatus (GA)
accompanies the MTOC. MVBs localize at the IS and facilitate massive
polymerization of actin and exocytosis of exosomes at the immunological
cleft. GA and MVBs provide the basis for polarized secretion. Mitochondria
provide the energy for actomyosin contractile activity at the pSMAC.
Cytoskeleton crosstalk at the IS may facilitate the movement of signaling
microclusters.
TCR within the same cluster. The existence of pre-stimulated TCR
nanoclusters has been shown in native gels, by electronmicroscopy
and by confocal single molecule hsPALM microscopy (Schamel
et al., 2005; Lillemeier et al., 2010).
The TCR complex includes the non-variable CD3 subunits
CD3ε, δ, γ, and ζ. All CD3 subunits contain in their cytosolic
domain the so-called immunoreceptor tyrosine-based activation
motifs (ITAMs) that are phosphorylated by Lck and Fyn kinases,
thereby controlling the extent of TCR activation. The activation
of the surface TCR is followed by a rapid conformational change
in the TCR complex that allows direct Nck binding to CD3ε (Gil
et al., 2002).Amutant for theCD3e ectodomain shows a dominant
effect on T cell activation, supporting the idea that cooperative
signaling between adjacent TCRs may serve to amplify TCR sig-
nals (Martinez-Martin et al., 2009). These conformational changes
may be necessary for CD3 ITAM phosphorylation. In this regard,
in mouse naïve T cells and thymocytes a constitutively active state
for a signiﬁcant fraction of Lck has been recently described (Nika
et al., 2010), which would be ready to phosphorylate the ITAMs
when a permissive conformation of the CD3 subunits is adopted.
Additionally, Lck may be palmitoylated and de-palmitoylated, a
manner for regulating the partitioning between cytosolic and
membrane-bound fractions, which would control the proxim-
ity to substrates. A recent study through ﬂuorescence recovery
after photobleaching (FRAP) and TIRFM analyzed the differen-
tial behavior of the kinase depending on its palmitoylation state;
Lck may be anchored and released from the plasma membrane
within milliseconds (Zimmermann et al., 2010). Finally, a great
proportion of Lck may be interacting with the co-receptor and,
at least for CD4+ T cells, this may be a form of regulating CD3
phosphorylation (Li et al., 2004).
Therefore, the pre-existing TCR nanoclusters may account for
rapid microcluster formation. In this regard, TCR and LAT nan-
oclusters have been found in different pre-existing domains in
the plasma membrane that become apposed upon TCR activa-
tion (Lillemeier et al., 2010). The microclusters are formed very
fast upon TCR priming (millisecond to second), and move cen-
tripetally across the T cell/APC interface to form central cluster,
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or cSMAC, in the mature IS (see Figure 1; Mossman et al., 2005;
Dustin et al., 2010). Initially, the cSMAC was described as a major
site for TCR activation, due to the high concentration of TCR
and associated signaling molecules, whereas the LFA-1 integrin
concentrated at the periphery (Sancho et al., 2002). However,
experiments demonstrating an exacerbated T cell activation when
the formation of the cSMAC was prevented pointed to the cSMAC
as a site to switch off the TCR, by becoming a site for endocy-
tosis and recycling of the receptor (see Figure 1; Lee et al., 2002,
2003). The idea of the cSMAC being a site for TCR internaliza-
tion is consistent with the presence of a strong ubiquitination
signal in the cSMAC (Dustin et al., 2010), since ubiquitination
has been linked to endocytosis of the receptor (Valitutti et al.,
1997; Wiedemann et al., 2005). Along this line, the endosomal
sorting complexes required for transport (ESCRT)-1 machinery
have been shown to be necessary for correct TCR activation. The
ubiquitin degradation system and Tg101 collaborate to the recy-
cling of the TCR complexes. Inactivation of the system results
in increased tyrosine phosphorylation (Dustin et al., 2010). The
total content of tyrosine phosphorylated proteins is higher at the
pSMAC than in the cSMAC when T cells are allowed to spread
over activating surfaces (Mossman et al., 2005). However, in T–
B conjugates, major tyrosine phosphorylation is detected at the
cSMAC upon stimulation with bacterial SAgs, whereas preven-
tion of microtubule-organizing center (MTOC) translocation or
mitochondrial re-localization at the IS makes tyrosine phospho-
rylated proteins to accumulate at the pSMAC (Martin-Cofreces
et al., 2008; Baixauli et al., 2011). In conjugates of speciﬁc, trans-
genicOT-IICD4+TcellswithOVA-loaded,mature dendritic cells,
either conventional or plasmacytoid, pSMAC, and cSMAC forma-
tion is also observed (Mittelbrunn et al., 2009), whereas pMHC
with weaker stimulating activity do not induce formation of the
cSMAC and show reduced TCR down-modulation (Dustin et al.,
2010). Therefore, differences in the TCR ligands may account for
spatial restrictions in protein activation at the IS in the T cell.
Other cell surface proteins, such as the co-stimulatory mol-
ecule CD28, have been shown to form microclusters at the IS.
CD28 has been found to localize to the initial TCR microclus-
ters and to co-migrate with them toward the cSMAC, where
CD28 dissociates from the TCR (Yokosuka et al., 2008). Along
this idea, a study on differential micropatterning with planar
bilayers has shown that CD28 microclusters may signal at the
cell periphery, promoting higher IL-2 production (Shen et al.,
2008). CD28 microclusters have been found to be dependent on
TCR activation and to face CD80 aggregates on the APC side
in conjugates formed between dendritic cells and OT-II trans-
genic CD4+ T cells (Tseng et al., 2008). In human T cell/dendritic
cell conjugates, class-II MHC molecules have been found to clus-
ter in the dendritic cell, facing the TCR complex in the T cell.
This highly ordered clustering was mainly dependent on ICAM-
1 and -3 interaction with LFA-1 in the dendritic cell and was
observed more in mature than in immature dendritic cells (de
la Fuente et al., 2005). LFA-1 has recently been found to form
microclusters at the IS, in the so-called distal SMAC (dSMAC),
which diffuse and move independently of those observed for the
TCR, although they stop migrating when they reach the pSMAC
(Kaizuka et al., 2007).
ROLE OF THE ACTOMYOSIN CYTOSKELETON IN
ORGANIZATION OF RECEPTORS AND FUNCTION OF THE IS
The actin cytoskeleton interconnects plasma membrane mole-
cules with intracellular components. A massive polymerization
of actin is rapidly observed at the IS, which has been related to
full T cell activation (see Figure 1; Burkhardt et al., 2008; Gomez
and Billadeau, 2008). However, the actin cytoskeleton also plays
an important role in the destabilization of weak TCR–pMHC
interactions by promoting a faster dissociation rate (Huppa et al.,
2010).
Signaling by TCR microclusters might be necessary for the for-
mation of LFA-1 microclusters through talin1, which mediates
LFA-1 clustering and the TCR-dependent increase in avidity for
ICAM-1 (Simonson et al., 2006). This effect may be promoted
by the participation of talin in the vinculin/talin/Arp2/3 pathway
of actin polymerization and intracellular activation (Nolz et al.,
2008).Whether the interaction of LFA-1with ICAM-3 and ICAM-
1 accounts for the high actin dynamics observed at the lamella is
still an open question (de la Fuente et al., 2005). LFA-1 microclus-
ters formed at the periphery of the IS have a shorter half-life than
TCR microclusters. Since LFA-1 microclusters are not detected in
the cSMAC, which unlike the pSMAC is very poor in polymer-
ized actin, it is appealing to hypothesize that LFA-1 microclusters
become dispersed in the cSMAC due to their F-actin dependence
(Kaizuka et al., 2007). In the pSMAC, LFA-1 microclusters may
be subjected to an intense turn-over driven by myosin IIA con-
traction, similar to the turn-over of focal adhesions at the base of
the uropod during lymphocyte migration (Sanchez-Madrid and
Serrador, 2009).
Myosin IIA contractility is important for the regulation of TCR
microcluster coalescence in the cSMAC, as well as for prolonged
stability of the IS (see Figure 1; Ilani et al., 2009). Speciﬁc phos-
phorylation of the myosin light chain (MLC) at Ser19, which
determines the activity of myosin IIA, depends on mitochondr-
ial re-localization to the IS, which is driven by the mitochondrial
ﬁssion factor dynamin-related protein 1 (drp1). Mitochondrial
ATP is necessary for MLC phosphorylation and for the localiza-
tion of the TCR at the cSMAC (Baixauli et al., 2011).Mitochondria
at the IS are required to control local concentrations of calcium
(Quintana et al., 2007). In drp1 knocked-down cells, total protein
phosphorylation on tyrosine was found at the pSMAC instead of
concentrating at the cSMAC, suggesting a mechanism for exacer-
bated T cell activation (Lee et al., 2003). These results suggest that
mitochondria may serve to switch off the molecular machinery at
the IS once a sufﬁciently sustained signal has been achieved.
T CELL ACTIVATION AND ACTIN–MICROTUBULE CROSSTALK
Microtubule-organizing center translocation is a process depen-
dent on ITAM phosphorylation and the activity of either Lck
(Sancho et al., 2002) or Fyn kinases (Martin-Cofreces et al., 2006).
In resting T cells a fraction of Lck is located in intracellular
compartments, far from the surface TCR complexes, and it is
only delivered upon MTOC and Golgi apparatus translocation,
in a manner dependent on the MAL cholesterol-binding prote-
olipid (Anton et al., 2008). The inhibition of the tubulin-based,
molecular motor dynein/dynactin prevented MTOC transloca-
tion and shortened the duration of IS-emanating TCR signals
www.frontiersin.org July 2011 | Volume 2 | Article 24 | 3
Martín-Cófreces et al. Cytoskeletal communication in immune synapse
(see Figure 1). Thus, a ﬁrst signaling wave would be initiated by
molecules exposed on the T cell surface, whereas a second wave
would require the translocation of molecules such as LAT and
PKCθ from intracellular compartments (Martin-Cofreces et al.,
2008). MTOC translocation seems independent of mitochondrial
drp1 activity. However, in dynein/dynactin defective cells nei-
ther the MTOC nor the mitochondria were found at the IS, and
TCR signaling could not proceed. Of note, the TCR central clus-
ter was not formed (Martin-Cofreces et al., 2008; Baixauli et al.,
2011). Interestingly, actin polymerization was not affected even
when the LFA-1 pSMAC ring was not well conformed, there-
fore pointing toward an effect on actomyosin dynamics rather
than on actin polymerization. Dynein was proposed to have a
role in the docking of microtubules emerging from the MTOC
to the pSMAC, in which LFA-1 also plays an important role
(Kuhn and Poenie, 2002). ADAP was also thought to connect
dynein to the pSMAC (Combs et al., 2006), although it was later
found that ADAP was in a peripheral ring in dynein/dynactin-
disrupted cells (Martin-Cofreces et al., 2008). Another role for
dynein/dynactin could be the transport of transcription factors to
the nucleus, since dynein/dynactin defective cells do not produce
IL-2 in response to PMA/ionophore treatment (Martin-Cofreces,
unpublished results). Interestingly, silencing of ezrin, another
protein involved in actin polymerization and dynamics that is
also linked to the tubulin cytoskeleton, has also been shown to
affect IL-2 production after PMA/ionophore treatment (Lasserre
et al., 2010). Ezrin knockdown disturbs the tubulin cytoskele-
ton and T cell signaling (Roumier et al., 2001; Lasserre et al.,
2010). Ezrin was found to interact with the Disc Large 1 protein
(Dlg1),which is involved in cell polarity events and in IS formation
(Ludford-Menting et al., 2005), perhaps by facilitating the bind-
ing of ezrin to microtubules at the IS. Ezrin silencing disturbed
the dynamics of SLP76-based microclusters, leading to increased
tyrosine phosphorylation at the IS and slowed Erk1/2 inactivation
(Lasserre et al., 2010).
The number of proteins that affect both cytoskeletons is grow-
ing and highlights the enormous importance of their intercom-
munication. AKAP450, an A-kinase anchoring protein that can be
found at the MTOC in T cells, is essential for pSMAC localiza-
tion and activation of LFA-1. Indeed, in AKAP450 knocked-down
cells the TCR was not well recruited to the cSMAC or activated
upon antigen or bacterial SAg stimulation. In addition, MTOC
translocation was prevented and actin polymerization defective,
but Erk1/2 activation was increased (Robles-Valero et al., 2010).
This study points out to the importance of initial signaling for the
reorganization of both cytoskeletons, which in turn are required
to lower some pathways, as the one leading to Erk1/2 activa-
tion. The histone deacetylase 6 (HDAC6) was shown to regu-
late microtubule dynamics at short times upon TCR triggering
in cell conjugates, in a catalytic activity-dependent manner (see
Figure 1; Serrador et al., 2004). MTOC translocation and TCR
clustering at the cSMAC were prevented by over-expression of
HDAC6, adding further support to a role for microtubules in
T cell activation. Indeed, the immunoprecipitation of tubulin
in non-depolymerizing conditions revealed that phosphorylated
CD3ζ and ZAP70 co-precipitate with tubulin upon TCR stimula-
tion. These data agree with the ﬁnding that signaling microclusters
co-localize with microtubules and lose their localization when the
tubulin cytoskeleton is distorted (Lasserre et al., 2010). Indeed, the
DIA1 and FMN-L members of the formin family mediate MTOC
translocation during T cell activation and affect the actin polymer-
ization (Gomez and Billadeau, 2008). HS1, the homologous pro-
tein of cortactin in lymphocytes, regulates actin polymerization
in T cells (Gomez and Billadeau, 2008). HDAC6 may deacetylate
cortactin during cell migration, regulating the formation of the
leading-edge lamella (Valenzuela-Fernandez et al., 2008). There-
fore, it is possible that HDAC6 regulates the dynamics of the
lamella surrounding the IS, and at the same time favors a more
dynamic tubulin cytoskeleton through tubulin deacetylation (see
Figure 1).HDAC6 transportsmisfoldedproteins to the aggresome,
a systemdependent of ubiquitination,helped by the dyneinmotor,
(Kawaguchi et al., 2003). As commented before, ubiquitination
and degradation are important to turn off T cell activation. In this
process,HDAC6anddynein/dynactinmight play a kindof quality-
control by promoting autophagy. The localization and behavior of
TCR microclusters are thus dependent on whether the actomyosin
and tubulin cytoskeletons reorganize correctly upon TCR stimu-
lation, creating a positive feedback loop, since TCR activation is
necessary to initiate this remodeling. On the other hand, they are
also necessary to switch off signaling. Although this can appear
controversial, there is a spatiotemporal regulation of cytoskeleton
dynamics and it may be that the ﬁrst wave of activation stimulates
cytoskeletal remodeling (massive actin polymerization andMTOC
translocation), leading to a second wave of stimulation that will in
turn promote the activity of the cytoskeleton to switch off signal-
ing (through actomyosin contractility and microtubule docking at
the pSMAC).
THE IS AS A PLATFORM FOR CELLULAR
INTERCOMMUNICATION
The secretory function of the IS has been largely analyzed in
terms of effector functions, such as cytolysis of the target cell
by cytotoxic T lymphocytes (CTLs) and polarized secretion of
cytokines by helper T cells (Sancho et al., 2002; Huse et al.,
2008). CTLs have been shown to secrete cytokines in addition
to granzymes and perforin to the target cell, depending on the
threshold for activation (Faroudi et al., 2003). In addition, CTLs
may also polarize their lytic granules toward a CD8+ T cell
in a Lck-dependent process once the pMHC-I from the CTL
interacts with the CD8 co-receptor, thus becoming a target for
the CTL (Milstein et al., 2011). This can cause the suppression
of different immune responses and support the idea of differ-
ent methods of cell–cell communication in the immune sys-
tem, which involves reciprocal interchange of information. In
this regard, the dSMAC, which is formed outside the pSMAC
and is part of the high motile lamella that embraces the APC
(Burkhardt et al., 2008) can be important for the maintenance
of a speciﬁc gap between the T cell and the APC to promote
speciﬁc secretion.
Clathrin has been shown to account for the massive actin poly-
merization occurring at the IS. Moreover, the subset of clathrin
accounting for the massive actin polymerization at the IS is asso-
ciated with multivesicular bodies (MVB) through HRS protein
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(Calabia-Linares et al., 2011), which translocates to the IS, pro-
viding an important compartment for exocytosis at the IS (see
Figure 1). In fact, a speciﬁc transfer of exosomes through the IS
has been recently described, which is related to MVB localization
(see Figure 1; Mittelbrunn et al., 2011). These exosomes transfer
speciﬁc miRNAs to the APC that can affect APC’s biology. The
analysis of their role on the corresponding APC deserves future
research, but highlights the importance of the cSMAC both as
an endocytic and exocytic focal site toward the APC. Whether
the formation of MHC-II clusters at the APC side in response to
the TCR activation and IS formation (de la Fuente et al., 2005)
are important to form an endocytic focus at the APC is also an
interesting point to be investigated.
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